We give a systematic treatment of the spin excitations of a family of disordered quasi-two-dimensional Heisenberg antiferromagnets, Rb 2 Mn x Ni 1−x F 4 , for arbitrary values of x. The density of states, static response functions, and the dynamic susceptibility are calculated numerically. Results at several concentrations are presented graphically. We derive simple analytic theories which give an adequate description of the calculated quantities. The static response functions characterize excitations at low energy and long wave length, and enable us to predict the concentration dependence of the anisotropy gap frequency and the temperature dependence of the magnetization. The dynamic susceptibility is in good agreement with recent neutronscattering experiments on Rb 2 Mn 0.5 Ni 0.5 F 4 . The spin-wave density of states for 0. as a function of concentration is studied through the dynamic susceptibility, which resolves both q and co, and by numerical tests for localization of the normal modes. The two-mode character of this system persists even after the gap between subbands has closed to become a pseudogap.
expect the effects of disorder to be prominent in the alloy system. All the parameters to be used in the Hamiltonian (1) for RbaMn"Ni~"F4 are known to roughly 10%%up accuracy, either from measurements on the pure 2D systems, or from measurements at low concentrations on mixed 3D systems. Cowley and Buyers find that the expression for the exchange interactionbetweendifferent components, A and B, AB (~AA BB) (3) which would be expected from superexchange theory, is in error by only a 5/z for most iron-group metal ions as impurities in manganese fluorides. From Raman-scattering studies of the local impurity mode of low concentrations of Ni in the perovskite KMnF3, Thorpe has extracted a value of JM"", about 1'%%uo greater than would be given by
Eq. (3).
In Rb2¹F4, the anisotropy terms in Eq. (1) originate from local crystal-field splittings.
Therefore, 4, on Ni sites should have essentially the same value in the alloy as in the pure system. In RbaMnF4, however, the anisotropy is much smaller and of dipolar origin. Thus 4, . on Mn sites is proportional to the average magnetic moment per site in the alloy. This dependence of &, . on composition has only a small effect on the properties considered here, and will therefore be neglected. Rb2Mn Calculations of the dynamic susceptibility y" (q, io) are presented in Sec. IV We will study the spin Green's function G, , ((d) 3(b) . The peaks at 23. 5 and 25. 5 meV in Fig. 3 (a) correspond to the energies of likely Ising clusters, and both peaks are still evident in Fig. 3 3(b) are roughly symmetric, and spiky. In Fig. 3(c If we define
x-=~,(s". + s&)/Io, we obtain 5=(u&s., )'/x"-K.
The equilibrium values of S", and Sb, calculated by minimizing the sum of Eqs. (43) 
Using Eq. (50), the dispersion relation (46) is expressed as
For spins restricted within a manifold of g degenerate crystal-field levels, the spin to be used in (44) is the effective spin defined by 2S, &&+ I =g.
From the resulting equations of motion h&os, '(q) = (2/S. ,)[(Aq /4+ K+ $/2)s;(q) (46) is extracted.
To put Eq. (46) into a more familiar form we relate $ to a susceptibility by adding to &E a term wherẽ 0 = (2u s/@)(K/X-)'", The perpendicular susceptibility, x"giving the response to a uniform external field, i. e. , y(0, 0) as calculated from (18), is shown by the solid-circle data points in Fig. V Fig. 7 , is summarized in Appendix B. Unlike the "averaged medium" arguments which were used to derive Eq. (64), this treatment includes (to lowest order) the effects of ferrimagnetic fluctuations. In particular, it predicts the increase in yõ n adding Ni to Rb2MnF4, which is seen in Fig. V 
where we have used n '(q) = n ' (-q) Birgeneau et al. (Ref. 3).
vector along this direction, we will use units of Q: q=(qn/a, qv/a) . (84) d» 'x" (q,~) = x(q, o) . (85) In addition, a procedure of expanding N and doing a contour integral, as in the derivation of (28), gives
The results can be directly compared with neutron scattering data, since the inelastic scattering intensity at momentum transfer q and energy transfer &o is proportional to X "(q, w), the imaginary part of g evaluated at an & just off the real axis.
In the work reported in this section, the imaginary part of~was taken to be 0.2 meV, a value smaller than present experimental resolution, but large enough to eliminate the effects of the discrete spectrum of the 64-by-64-site samples studied.
Since g" is odd in w, its even moments will vanish, on the average, but the average value of its odd moments can be evaluated exactly. The moments can be calculated in two ways. The .
Kramers-Kronig relation between g' and g" re- Fig. 10(a) Fig. 3(d) can be seen in Fig. 10(d) to come from a small area of q space near the point Q (or, equivalently, 0). Even in the absence of a gap in p(E), two-mode behavior is seen at all q. We shall discuss the gap states further below, in the light of the partial susceptibilities calculated for this case.
In Figs. 10(a)-10(c), there is structure in y "(q,~) near @=0. we shall develop some analytic approximations for y "(q, ur). The most useful of these is a generalization to arbitrary x of the four-sublattice model introduced in Ref. 3. This model is just an averaged medium approximation carried out at finite q and~, and is similar in some respects to the "average t-matrix" approximation which has been used in the study of electrons in alloys. The imaginary part of N*(q, m) ' is evaluated in Appendix D, and will be used below in the discussion of the total and projected scattering intensities. It is not difficult to show that the real part of Eq. (96) reduces at q=0 in the static limit to the average medium expression for X, given in Eq. (64) and tested in Fig. 7 . The approximation (63) for A. can also be extracted from this theory.
The secular equation that results from inverting M~or N~and using Eq. (3) is The rolloff of intensity seen near q= 1 in Fig. 12(a) is consistent with this interpretation. Since the Ni-dominated upper mode consists primarily of localized states in several of the samples under study, we have plotted I"""(q) for the four cases [in Fig. 12(b) ], normalized to the constant Ising cluster prediction, yg~", S", In the upper mode, all the calculated intensities at intermediate values of q are higher than the scattering intensity per spin fourid in pure Bb~NiF4, which is shown with a dotted line in Fig. 12(b) Fig. 2(a (101) as a reference, and plot I"""(q)/xI, ""M, in Fig.   12(a) . In each case we find that the scattering intensity is decreased at intermediate values of q. The decrease is greatest, roughly 50%, for the most dilute sample studied, x=0. 104, and least, about 20%, for the most concentrated, x=0.662.
At each concentration shown in Fig. 12(a) , there is excess scattering in I, above this reference level for q&0. 25. This occurs in part because the spin waves near q = 0 are not just Mn excitations, but must involve both Mn and Ni spins, precessing in phase. The scattering intensity at q=0 is therefore proportional to g"S" instead of to x""gM"S"". Figure 10 (a), which depicts x = 0.66, the upper mode has almost no dispersion.
We have compared Ia(q) Fig. 12(a) is predicted in this model as well.
In the upper subband we find that Iz(q) exceeds the four-sublattiee estimates by a constant 10'%%up-25% for most values of q. The difference, which decreases with increasing Ni concentration, may be read off Fig. 12(b (q, &o) and XM,""(q, &u) We wish to evaluate the averaged odd-order moments of X "(q, +) and its components X "z(q, &u) as defined in (18), (20), (86) 
